The ruminal cellulolytic bacterium Ruminococcus flavefaciens FD-1 was grown in cellulose-fed continuous culture with 20 different combinations of pH and dilution rate (D); the combinations were selected according to the physiological pH range of the organism (6.0 to 7.1) and growth rate of the organism on cellulose (0.017 to 0.10 h-1). A response surface analysis was used to characterize the effects of pH and D on the extent of cellulose consumption, growth yield, soluble sugar concentration, and yields of fermentation products. The response surfaces indicate that pH and D coordinately affect cellulose digestion and growth yield in this organism. As expected, the net cellulose consumption increased with increasing D while the fraction of added cellulose that was utilized decreased with increasing D. The effect of changes in pH within the physiological range on cellulose consumption was smaller than that of changes in D. Cellulose degradation was less sensitive to low pH than to high pH. At low Ds (longer retention times), cellulose degradation did not follow first-order kinetics. This decreased rate of cellulose digestion was not due to poor mixing, limitation by other medium components, or preferential utilization of the more amorphous fraction of the cellulose. The cell yield increased from 0.13 to 0.18 mg of cells per mg of cellulose with increasing Ds from 0.02 to 0.06 h-1 and decreased when the pH was shifted from the optimum of 6.5 to 6.8. The effect of pH on cell yield increased with increasing D. The reduced cell yield at low pH appears to be due to both an increase in maintenance energy requirements and a decrease in true growth yield.
The ruminal cellulolytic bacterium Ruminococcus flavefaciens FD-1 was grown in cellulose-fed continuous culture with 20 different combinations of pH and dilution rate (D); the combinations were selected according to the physiological pH range of the organism (6.0 to 7.1) and growth rate of the organism on cellulose (0.017 to 0.10 h-1). A response surface analysis was used to characterize the effects of pH and D on the extent of cellulose consumption, growth yield, soluble sugar concentration, and yields of fermentation products. The response surfaces indicate that pH and D coordinately affect cellulose digestion and growth yield in this organism. As expected, the net cellulose consumption increased with increasing D while the fraction of added cellulose that was utilized decreased with increasing D. The effect of changes in pH within the physiological range on cellulose consumption was smaller than that of changes in D. Cellulose degradation was less sensitive to low pH than to high pH. At low Ds (longer retention times), cellulose degradation did not follow first-order kinetics. This decreased rate of cellulose digestion was not due to poor mixing, limitation by other medium components, or preferential utilization of the more amorphous fraction of the cellulose. The cell yield increased from 0.13 to 0.18 mg of cells per mg of cellulose with increasing Ds from 0.02 to 0.06 h-1 and decreased when the pH was shifted from the optimum of 6.5 to 6.8. The effect of pH on cell yield increased with increasing D. The reduced cell yield at low pH appears to be due to both an increase in maintenance energy requirements and a decrease in true growth yield.
Microbial fermentation in the rumen is an essential process in the conversion of feed materials to the volatile fatty acids and microbial cell protein that are used by the ruminant animal for growth and milk production. The ruminal habitat is characterized by a flux of its contents and by a variety of growth rates and metabolic activities of individual microbial species under environmental conditions that vary over time. Among the more than 60 species of ruminal bacteria (18) , four predominant cellulolytic species play an important role in digesting plant fibers, which compose the bulk of the diet of forage-fed ruminants. Of the many environmental factors affecting the cellulolytic process, rumen pH and dilution rate (D) are two of the most important (2, 3, 5, 6) .
Numerous studies have suggested that the metabolism and survival of cellulolytic bacteria are strongly dependent on rumen pH. The optimum pH for growth of the most important species of ruminal cellulolytic bacteria is -6.5 (30) . Studies with individual species of ruminal cellulolytic bacteria have indicated that most have very narrow pH ranges for growth (26) . Similarly, both the rate and extent of cellulose degradation by mixed ruminal microflora or pure cultures of ruminal cellulolytic bacteria have been reported to be inhibited at pHs of <6.3 (8, 29) . Reduced cellulose digestion may be due to the reduced prevalence (25) or activity (8) of cellulolytic species.
Continuous culture studies with both pure and mixed cultures of ruminal bacteria have revealed that D is positively related to the efficiency of microbial growth (9, 12, 28) . Although the dilution rate in the animal (i.e., the rate of * Corresponding author. passage) can be increased by cooling the animal or increasing the intake of certain salts, this often causes an increased rumen pH and a decrease in dry matter digestibility (13, 17) .
Hoover et al. (9) evaluated the independent effect of and relationship between liquid D and pH on the growth yield and fermentation patterns of mixed ruminal microflora in continuous cultures at four different pHs (4.5, 5.5, 6.5, and 7.5) for each of four different dilution rates (0.04, 0.08, 0.12, and 0.16 h '). However, many of these pH and D combinations are beyond the reported pH tolerance range of ruminal cellulolytic bacteria and the dilution rate of ruminal contents. It is not clear how the cellulolytic process and microbial growth are affected by pH and D combinations within the physiological growth range of individual cellulolytic species.
The recent development of continuous-culture devices for growth of microorganisms on insoluble substrates (14, 19, 32) has afforded an opportunity to obtain quantitative data on the fermentation of specific fiber components. In this report we use one such device, combined with response surface analysis of the data, to evaluate the effects of pH and D on cultures of Ruminococcus flavefaciens, a predominant ruminal cellulolytic bacterium. The response surfaces provide quantitative information on how cellulose consumption, growth yield, and product formation by this organism are affected by simultaneQus changes in its normal physiological range of pH and possible rumen dilution rates.
MATERUILS AND METHODS
Organism and growth medium. R. flavefaciens FD-1 was grown in a modified Dehority medium (27) . The Analyses. All samples were taken at 6-to 20-h intervals. For each combination of pH and D tested, the data were averaged from 5 to 13 samples collected over a 2-to 7-day period at the system steady state, when the residual cellulose concentration and cell yield were basically constant. Under these conditions, the microbial growth rate (,u) was equal to D (23) . The cellulose concentration in the reactor or medium reservoir was determined from -20-ml samples (weighed to 0.001 g) by a modified neutral detergent method (31) . Paired 1.5-ml samples were microcentrifuged for 5 min at 12,000 x g to prepare culture supernatants. The soluble and reducing sugars in supernatants were measured by the anthrone (15) and dinitrosalicylic acid (16) methods, respectively. Fermentation acids in culture supernatants were analyzed by highperformance liquid chromatography as described previously (32) . The three major fermentation acids were separated at retention times of 10.7 min (succinic acid), 12.3 min (formic acid), and 13.3 min (acetic acid) and were well resolved from lactic acid (11.8 min), which was not produced.
The cell mass was estimated from the nitrogen content of cell pellets, which was measured with a Carlo Erba NA1500 nitrogen analyzer (32) . Molar cell yields were calculated by assuming that the biomass formula for the organic component of the biomass was C5H702N and that cells contained 90% organic material (19) . To confirm the validity of this formula for this organism, strain FD-1 was grown in triplicate batch cultures on cellobiose. The cell pellets were washed twice with deionized water and dried overnight at 105°C. The average measured carbon/nitrogen ratio of these dried samples was 5.01 + 0.12.
Recovery of cellulose for crystallinity measurements was complicated by the strong adherence of cells to cellulose and by the necessity of keeping the cellulose wet enough to prevent recrystallization. A 540-ml effluent (from a culture operated at a D of 0.019 h-' at pH 6.59) was amended with 10.9 ml of 5% methylcellulose (15 cP) and stirred overnight at 6°C. The suspension was centrifuged at 400 x g for 10 min, the pellet was respended to the original volume with distilled water, and the suspension was centrifuged again. The resulting pellet was resuspended in deionized water and vacuum filtered through a 3-p.m-pore-size polycarbonate membrane with small water washings. The wet cake was resuspended in -15 ml of deionized water, dispensed into 12 microcentrifuge tubes, and then pulse-centrifuged for 3 s. Pellets were washed six times with 1 ml of deionized water.
The final combined pellet was resuspended in 30 ml of deionized water. The resulting cellulose slurry was stirred vigorously while 1,500-,ul aliquots were transferred to 16
Pyrex tubes (18 by 150 mm). The relative crystallinity index was determined from the kinetics of hydrolysis of this cellulose in hot 6 N HCI. HCl (1, 490 ,ul of a 12.1 N solution) was added to each tube. The tubes were sealed with plastic caps and placed in a boiling-water bath. Residual cellulose was determined gravimetrically for a series of hydrolysis time points within the range of 0 to 6.2 h after vacuum filtration through 25-mm 3-,um-pore-size polycarbonate membranes and drying at 105°C (33) . Since R. flavefaciens was not completely detached by the methylcellulose treatment and the cellulose slurry used to measure the relative crystallinity index still contained a significant population of attached cells, a correction was included for microbial cell mass in the remaining material (0.32 to 3.83%, determined by nitrogen analysis as described above). The natural logarithm of the corrected percent cellulose remaining was plotted versus time within the range of 2 to 6.2 h; this plot directly yields the relative crystallinity index (anti-In ofy intercept at time zero). The data were compared to those obtained for the original SC20 substrate hydrolyzed in an identical manner.
Statistical model. A response surface analysis (1) was used to examine the influence of pH and dilution rate on the following fermentation parameters: fractional cellulose consumption (i.e., the proportion of added cellulose that was consumed); cell yield; soluble sugar concentration; molar yields of acetate, succinate, and formate; and the ratio of products (e.g., the molar ratio of acetate to acetate plus succinate). The region of study was a pH range of 5. Cellulose consumption. Figure 2A and Table 1 show the interaction between pH and D on the percentage of cellulose consumption. The statistical model gave excellent fit of the observed data (P < 0.001, r2 = 0.836; i.e., 84% of the variation in cellulose consumption was due to pH and D Data from steady-state runs within the optimal pH range showed a nearly linear increase in the total amount of cellulose consumed as D increased (Fig. 3A) , whereas the total amount of cellulose consumed showed little change with changing pH at a D of 0.02 or 0.06 h-1 (Fig. 3B) . The results suggest that the total amount of cellulose consumption was affected by D much more strongly than by pH. These data for R. flavefaciens are in accord with those of Hoover et al. (9) , who reported that increased D has a major effect on increasing fiber digestion by mixed ruminal microflora at the more physiological pH levels.
Using the formula derived from the statistical model and its calculated coefficients (Table 2) , we calculated a series of predicted values of fractional cellulose consumption at reasonable selected combinations of pH and D. For these calculations, the concentration of cellulose in the reservoir (CO) was set to 4,800 mg/liter, and the predicted cellulose concentration in the reactor (C) was calculated as C0 -[CO x (predicted fractional cellulose consumption)]. Plots of these predicted CJC values versus retention time (1D) were nonlinear (Fig. 4) , suggesting that cellulose digestion does not follow first-order kinetics with respect to cellulose at low D. The relationship between CJC and tR for a given pH was well described by a second-order polynomial equation (Table 3). Cellulose digestion at a D of 0.019 h-1 at pH 6.59 was not improved by doubling the concentration of ruminal fluid in the culture medium.
Cellulose crystallinity measurements showed that the relative crystallinity index of reactor cellulose (D = 0.019, pH 6.59) was 89.5, compared with 86.2 for the original SC20 substrate, indicating that residual cellulose was only slightly enriched in its crystalline content during the fermentation, even at long retention times.
Cell growth yield. The observed cell yield data fit the statistical model very well (P < 0.001, r2 = 0.814). Maximum cell yield was observed and predicted at high Ds and within a pH range of 6.5 to 6.8 ( Fig. 2B and 5 ). Both pH and D had strong effects on the cell yield. However, the steep cell yield contours at high Ds and low pHs (Fig. 2B) Table 2 Succinate and formate, the other major products, together accounted for 55 to 70 mol% of the total acid produced. The amount of succinate was higher than that of formate under most experimental conditions. The statistical model did not successfully predict the molar yield of succinate (P < 0.62, 2 = 0.311) or formate (P < 0.26, r2 = 0.464), suggesting that these yields are primarily dependent on factors other than pH and D alone.
DISCUSSION
In general, the concentrations of soluble sugars were low at all values of pH and D, suggesting that cellulose depolymerization to soluble oligosaccharides is the rate-limiting step in cellulose fermentation, as has been reported for R. albus (19) . The accumulation of 0.1 to 0.5 mM glucose but very little cellobiose at all experimental conditions is in agreement with the reported inability of this strain to grow on glucose and its relatively high affinity for cellobiose (7).
It was quite surprising that plots of predicted C/C versus retention time (Fig. 4) ysis of amorphous and crystalline components of cellulose, (iii) limitation for nutrients in the medium other than cellulose, or (iv) changes in regulation of energy metabolism at low growth rates.
Poor mixing would cause a continuous artificial elevation of C. This possibility can be excluded, since (i) steady-state values of C were readily obtained (i.e., cellulose did not accumulate in the reactor), (ii) the measured values of C in the reactor and effluent were essentially identical, and (iii) the yield of soluble fermentation products (which migrate with the fluid phase) per unit of cellulose (which migrates with the solid phase) consumed was independent of tR.
The relative crystallinity index of reactor cellulose (cul- tured at a longer tR and the optimum pH) and reservoir cellulose were similar, suggesting that the amorphous and crystalline components were degraded at similar rates and that the decrease in the cellulose digestion rate at long tRs is not due to an accumulation of a more slowly hydrolyzed form of cellulose. The plots of C0/C versus tR showed that cellulose digestion followed first-order kinetics when tR was less than 30 h (Fig. 4) . Under these conditions, the concentration of cellulose (rather than other medium components) limited the rate of cellulose digestion. It is unlikely that nutrients other than cellulose limited cellulose digestion at longer tRs, because the media used throughout all our experiments were identical, except that the ruminal fluids varied both within and among runs because samples were collected on different dates. Nevertheless, systematic variation in C/C, rather than the random variation expected from random changes in ruminal fluid composition, was observed. Moreover, doubling the ruminal fluid at a longer tR (D = 0.019 h-1, pH 6.59) did not increase cellulose utilization.
Carbohydrate metabolism in several ruminal bacteria has been shown to be influenced by growth rate (11, 21, 22) . Pettipher and Latham (22) The decreased rate of cellulose digestion that we observed at low Ds may also be due to reduced cellulase synthesis. The predicted proportion of cellulose consumption devoted to maintenance, calculable as mYID, increased with decreasing growth rate. At pH 6.6, the proportion increased from 26% (tR = 16.67 h) to 55% (tR = 60 h) ( Table 4 ). This dramatic increase at low growth rates may lead to a change of physiological status of organism and trigger regulatory changes (e.g., reduced synthesis of cellulolytic enzymes) that result in a decreased rate of cellulose digestion. However, hypotheses regarding the locations of cellulases and their potential regulation by growth rate are difficult to test, since enzyme activities within the glycocalyx are not readily measurable.
Our data indicate that R flavefaciens FD-1 has a higher growth yield and lower maintenance requirement than those reported for R. albus (20) . Within the optimum pH range for growth (6.4 to 6.6), the predicted true growth yields and maintenance requirements for R. flavefaciens are essentially In general, most of the fermentation parameters that were predicted well by the response surface equations showed relatively little change with pH at low Ds (<0.03 h-1). However, at higher Ds, these parameters generally showed strong sensitivity to pH in both directions away from the pH optimum. The extensive cellulose fermentation at near pH 6.0 by our cultures of R. flavefaciens suggests that ruminal cellulose digestion may not be as pH sensitive as has been suggested by other pure culture studies (26) , although clearly the organism does not grow at pH values below 5.9 (Fig. 1) . Although cellulose digestion by a single species of ruminal cellulolytic bacterium in continuous culture cannot be directly extrapolated to the degradation of forage fiber by the entire microbial population in a discontinuously fed rumen, these pure-culture data might provide a general model for the cellulolytic bacterial growth in the rumen, if the cellulose fermentation characteristics of R. flavefaciens FD-1 are similar to those of other ruminal cellulolytic bacteria.
